The natural resources of the Earth are being exploited beyond its sustainable capacity. The building industry consumes nearly 40 % of the global energy requirement. A major portion of this is used in meeting air-conditioning requirements. The present scenario demands increased energy efficiency, i.e., indoor thermal comfort with minimal energy consumption in buildings. Thus, the development of new green technologies, which allows the use of sustainable alternative sources of energy, is the need of the hour. Earth-air heat exchangers (EAHE), which make use of a passive means for the heating and cooling of buildings, are becoming a promising technology in the construction of green buildings. EAHE utilizes the thermal energy contained in the soil at certain depths for meeting the cooling/heating requirement of buildings, reducing the consumption of conventional energy for built environments. The present paper addresses issues of applicability of EAHE in Chandīgarh (India) based upon literature review particularly in Indian context and keeping in mind the nature of soil and climatic conditions of the city.
Introduction
Buildings contribute over 40 % of the total global primary energy use corresponding to 24 % of the CO 2 emissions of the world (IEA 2008) . Building heating, ventilation, and air-conditioning (HVAC) systems are responsible for about half of the energy use in buildings (Perez-Lombard et al. 2008) . Construction of new buildings provide an opportunity to limit the use of existing conventional practices and adopt energy efficient design and implementation of green technologies. Effective application of passive features in the building design can significantly minimize the air-conditioning demand in buildings while maintaining thermal comfort .
The nearly constant ground temperature at a certain depth has been regarded as a passive means for the heating and cooling of buildings by several researchers (Goswami and Dhaliwal 1985; Mihalakakou 1997; Paepe and Janssens 2002; Ozgener et al. 2013) . It has been observed that the ground temperature at a depth of about 1.5 to 2 m remains constant throughout the year and is equal to the annual average temperature of a particular place (Kusuda 1975; Bhardwaj and Bansal 1981; Jacovides et al. 1996; Bisoniya et al. 2013; Bisoniya et al. 2014; Ghosal and Tiwari 2004) . This constant temperature remains lower than the ambient air temperature in summer and higher in winter. The earth-air heat exchangers (EAHE) is basically a series of pipes buried underground at a particular depth through which fresh atmospheric air flows and gets cooled in summer and warmed in winter. This paper addresses issues of applicability of EAHE in Chandīgarh (India) based upon literature review particularly in Indian context and keeping in mind the nature of soil and climatic conditions of the city.
Earth-air heat exchangers (EAHE)
The basic principle of EAHE is that of several pipes buried in the ground with one end of the pipe system acting as an inlet for fresh atmospheric air as shown in Fig. 1 . The ambient air traveling through the pipes exchanges heat with the pipe walls which are in contact with the surrounding underground environment, transferring heat through conduction and convection processes. The other end acting as an outlet releases air to the interior of a building. The performance of EAHE is directly related to the thermal properties of the ground and the heat transfer between the pipes and the ground Mihalakakou 1997) . The heat transfer mechanisms in soil are conduction, convection, and radiation. Conduction occurs throughout the soil, but the main flow of heat is through the solid and liquid constituents. Convection is usually negligible, with the exception of rapid water infiltration after heavy rainfall. Radiation is important only in very dry soils, with large pores, when the temperature is high. Therefore, the main parameters influencing the thermal behavior of the soil are thermal conductivity and heat capacity that are jointly expressed in terms of thermal diffusivity below:
where k is the thermal conductivity, ρ is the density, and ς is the specific heat of the soil. The amount of heat exchanged between the air and the surrounding soil depends upon various parameters, e. g., surface area of the pipes, length of the pipes, water contents of the inlet air and dampness of the earth, temperature of the earth, air velocity, material and surface conditions of the pipes, depth of the pipes from the ground surface, soil type etc. (Kumar et al. 2006) . The EAHE find its application in greenhouses, commercial, and residential buildings for space conditioning. The depth at which they are installed has vital importance on Fig. 1 Pictorial representation of the EAHE system dimensions, performance, and installation costs of the system (Ozgener 2011; Ozgener and Ozgener 2010, 2011) . The material of the pipes may be mild steel, cement, or PVC, depending on the location of the water table. The use of EAHE can lead to a reduction of high-grade energy consumption. They have high capital costs, but over the lifespan of the system, EAHE can yield substantial savings. The efficiency of the EAHE system can be judged by an energy analysis of the system. The energy parameters to be evaluated include energy payback time (EPBT) and seasonal energy efficiency ratio (SEER) etc. The number of years required to recover energy invested, i.e., in manufacturing, transportation, installation, operation, and maintenance of the system while in use, is called EPBT. EPBT can be defined as ratio of embodied energy of the EAHE system (kWh) to total yearly energy output of the EAHE system (kWh). The seasonal energy efficiency ratio (SEER) is the measure of the heating/cooling efficiency of heat pump/air conditioners. The value of SEER is determined by dividing the total monthly heat-energy gain/loss (in winter/summer, respectively) from the room air by the total monthly energy consumed by the EAHE. The SEER value is always desired to be more than one for EAHE to be economically viable (Chel and Tiwari 2009) .
Climatic conditions of Chandīgarh
The Union Territory of Chandīgarh (latitude 30.74°N, longitude 76.79°E, and altitude 321 m) is located in the foothills of the Shivalik hill range in the north, which form a part of the fragile Himalayan ecosystem. It covers an area of approximately 114 sq. km. It shares its borders with the sates of Haryana in the east and Punjab in the north, west, and south. Chandīgarh has a humid sub-tropical climate characterized by very hot summers, mild winters, unreliable rainfall, and a great variation in temperature (winter minimum 1-16°C, summer maximum 27-44°C). The average rainfall is 1110.7 mm. (Official website of the Chandīgarh Administration (2015)). The city also receives occasional winter rains from the west. It can be observed from Figs. 2 and 3 depicting average monthly maximum and minimum temperatures, respectively, that Chandīgarh requires cooling from April to October and heating in the months from October to April, the coinciding months having relatively bearable weather.
Orientation of buildings
Chandīgarh is a well-planned city, designed by the famous French architect Le Corbusier and also, known as The City Beautiful. At that time, it was kept in mind to orient the buildings of city in order to derive maximum benefits from the prevailing winds and the direction of the Sun. Looking at the wind-incidence profile in Fig. 4 for Chandīgarh, it is observed that the city gets the majority of its wind from the north-northeast. This is primarily due to the fact that most of the wind is deflected from the Pir Panjal range and then received by the city. Therefore, a north-south to northeast-southwest orientation of the buildings is ideal, considering the added advantage of minimizing the amount of solar radiation that the buildings receive, thus keeping the interiors of the buildings cool. As a matter of fact, the majority of office buildings in Chandīgarh are oriented along the north-south to northeast-southwest direction.
Sub-surface soil and ground water characteristics in Chandīgarh Chandīgarh (UT) has two satellite towns, i.e., Mohali (Punjab) and Panchkula (Haryana), combined they are known as Tricity. Considering the soil type of the Tricity, in Chandīgarh, sandy silt is observed up to a depth of 3 m with the water table at 5-15 m below ground level. In Mohali, clayey silt is observed up to a depth of 3 m with the water table at a depth of 3-5 m below ground level, while in Panchkula, the soil is silty sand with clay and gravel with the ground water table up to a depth of 10-12 m (DMRC 2012).
The determination of soil thermal properties, such as thermal resistivity, thermal conductivity, thermal diffusivity, and specific heat is of great importance for installation of EAHE systems, where heat transfer takes place through the soil mass.
The amount of heat conducted and how widely it is diffused varies from one soil to another depending upon its diffusivity as given in Table 1 .
Applicability of EAHE in Chandīgarh
In sub-tropical climates like India, the electricity demand during peak season of summer and winter goes up due to operation of air-conditioning devices in buildings resulting in a wide gap between demand and supply. Developing countries like India continue to experience energy as well as peak power shortages of varying magnitude. It is estimated that demand of electricity in Chandīgarh during peak season is 350 MW, but the availability is only 324 MW (CEA 2014) . This gap between demand and supply could be easily bridged with the application of EAHE systems in buildings. The effectiveness of the EAHE system depends on the climatic conditions of the city, thermal conductivity of soil, type of soil, temperature, position of the water table etc. The soil type of Chandīgarh is light to heavy sand as described in Table 1 , for which the diffusivity varies from 0.084 to 0.14 m 2 /day, which is greater than other soil types. Therefore, the EAHE systems would be quite suitable in Chandīgarh. Also, thermal conductivity of soil increases with increase in moisture content, and the correlation could be linear or nonlinear (Sugathan et al. 2014) . The natural moisture content of soils in the Tricity varies from 10-15 %. The better the conductivity of soil, the better is the performance of EAHE. Efficacy of EAHE in Chandīgarh can be further corroborated with experimental results taken from studies carried out in various parts of India (Ahmedabad, Ajmer, Bhopal and New Delhi), which possess more or less similar climatic and soil conditions as Chandīgarh. Jadhav (2002, 2003) conducted an experimental study in Ahmedabad for determining the efficiency of EAHE to cool the air in summer and warm it up in winter. The location had a climatic profile close to Chandīgarh and a sandy silt soil type (sand 48 %, silt 41 %, clay 11 %) and moisture content was 12.61 %, very close to that of soil in Chandīgarh. For this, a pilot test was carried out for a 50-m long; 10-cm diameter mild steel pipe with wall thickness of 3 mm, placed at a depth of 3 m. The air was moved at 11 m/s through the pipe. It was observed that EAHE caused a drop of 14°C in the summer months and an appreciable rise in the winter months in the circulated air. The temperature range and ground temperature closely follows that of Chandīgarh except that the rains occur a while before in Chandīgarh, but in every other sense, Ahmedabad's climate is comparable to that of Chandīgarh. Bansal et al. (2009 Bansal et al. ( , 2010 carried out a performance analysis of earth-air heat exchangers (EAHE) systems for winter heating and summer cooling in the city of Ajmer (India). A transient model based on computational fluid dynamics (CFD) was developed to predict the thermal performance of earth-air heat exchanger systems. The results were validated by conducting an experimental study on the model setup in Ajmer city. The setup consisted of two horizontal cylindrical pipes of 0.15-m inner diameter, 23.42-m long, made up of PVC and mild steel and buried at a depth of 2.7 m in the ground. The EAHE system gave a temperature rise of 4.1-4.8°C in winter and cooling in the range of 8.0-12.7°C in summer for the flow velocity ranging from 2 to 5 m/s. Also, performance of a EAHE can be enhanced by integrating an evaporative cooler at the outlet and a solar air-heating duct at the exit end during the summer and winter season, respectively. Results show that an EAHE system alone provides 4500 MJ of cooling effect during summers, whereas 3109 MJ of additional cooling effect can be achieved by integrating an evaporative cooler with the EAHE (Bansal et al. 2012) . It was found that the heating capacity of the EAHE system was increased by 1217-1280 kWh when it was coupled with a solar air-heating duct with a substantial increase in room temperature by 1.1-3.5°C. The coefficient of performance (COP) of the system also increased up to 4.57 with the provision of a solar air-heating duct (Jakhar et al. 2015) .
Chel and Tiwari (2009) analyzed a computer-based thermal model to predict the energy-saving potential of an adobe house with a vault roof structure integrated with an EAHE for space heating and cooling in New Delhi, India. The results from the thermal model were validated from the experimentally observed data. Experimental results showed that the room air temperature during winter was found 5-15°C higher as compared to ambient air temperature while lower during summer months. It was found that the energy payback time is less than 2 years for the investment in EAHE system. The seasonal energy efficiency ratio (SEER) for EAHE was determined as 2-3. Bisoniya et al. (2015) carried out a study to evaluate the annual thermal performance of the EAHE system for hot and dry climatic conditions of Bhopal (Central India). A 3D model based on computational fluid dynamics (CFD) was developed with specified dimensions (length of buried pipe 19.228 m, diameter of pipe 0.1016 m, and depth of burial 2 m) to evaluate the heating and cooling potential of the EAHE system, with airflow velocities of 2, 3.5, and 5 m/s. The simulation results were validated against experimental observations from an experimental setup installed in Bhopal. The energy metrics, namely energy payback time (EPBT) and seasonal energy efficiency ratio (SEER) for the EAHE system, were evaluated on the basis of energy analysis of simulation results. The EPBT of the EAHE system was calculated as 1.29 years. The SEER for typical summer and winter months were calculated as 1.34 and 1.10, respectively.
Although this is only an empirical comparison, the technology shows promise for cities with similar climates and can be used to a great effect in Chandīgarh. It was observed that the effectiveness of EAHE declines with the advent of monsoons. Rains not only make it harder to cool air, but also pose problems of condensation within the pipes, threatening to block them. Therefore, in Chandīgarh, EAHE can be used effectively from October end to mid-June, i.e., from monsoon ending to monsoon starting. When humidity starts to peak, EAHE can be used along with conventional cooling systems.
As for the materials used in EAHE construction for the pipes, the best materials that can be used are steel pipes, as they have the highest thermal conductivity and lowest specific heat, and as a result, it transfers heat from air to earth and vice-versa the quickest as illustrated in Table 2 .
However, they can corrode easily. In regions where the water table is high, steel pipes may corrode over time, leading to cracks and subsequently infiltration of ground water into the pipes. In Chandīgarh, where the water table is well below 3 m throughout the year, steel pipes prove to be the most effective material for the EAHE. 
Conclusions
The earth-air heat exchangers are a promising and effective technology for space conditioning of buildings. It is a device which utilizes the heat capacity of the Earth effectively. The EAHE system, if properly designed, can be a feasible and economical option to replace conventional air-conditioning systems. EAHE systems can be used in Chandīgarh city throughout the year, either as a stand-alone system for small-scale cooling of buildings, or as a complimentary system to be used in tandem with conventional HVAC systems of the building. The only problem with the EAHE systems is that, due to the humid nature of the climate in the rainy season, condensation takes place within the pipes and damages the system. Therefore, in Chandīgarh, EAHE can be used effectively from October end to mid-June, i.e., from monsoon ending to monsoon starting. When humidity starts to peak, EAHE can be used along with conventional cooling systems.
